ABSTRACT: Spatial variation in morphological and structural characteristics of the seagrass Zostera tasmanica was examined in Westernport, an estuarine embayment in south-eastern Australia. An environmental gradient exists within the embayment, with moderate sediment loads and resuspension in the north correlating with high turbidity, chlorophyll a and reduced photon flux density (PFD). This gradient generally decreases towards the south, where oceanic influences and lower catchment inputs result in less turbid waters, with increased PFD and reduced water column chlorophyll a. We investigated variation in Z. tasmanica characteristics across this environmental gradient. A hierarchy of scales was examined ranging from cm within sites (meadows), km between sites, and 10s of km between regions. Structural variables examined included shoot density, seagrass cover and biomass, while morphological variables were number of leaves, leaf and total shoot weight, number of nodes, internode length and shoot length. Plants from northern regions of Westernport were characterised by low leaf numbers, low shoot weight and few internodes, suggesting either a loss of condition in these plants or younger plants with high shoot turnover. In contrast, plants from the mid to southern regions had more and longer leaves, more nodes and greater internode lengths, and structurally these meadows exhibited greater densities, cover and biomass. Partitioning of the variation showed that region (> 20 km apart) contributed the greatest percentage of variation for a number of variables (e.g. shoot numbers, numbers of nodes, internode length and seagrass cover), suggesting the importance of the environmental gradient in shaping seagrass form and meadow structure. These variables are potentially useful indicators of anthropogenic influences driving seagrass morphology and structure at ecosystem scales.
INTRODUCTION
Anthropogenic disturbance, including turbidity and sedimentation, represents a significant threat to intertidal seagrass meadows along the southern Australian coast and has led to extensive loss of seagrasses in shallow coastal waters over recent decades (Bulthuis 1983a , Shepherd et al. 1989 ). Seagrass loss is of concern because of the associated loss of productivity, ecological integrity and ecosystem services. Zostera tasmanica (formerly Heterozostera tasmanica (Martens ex Asch.) den Hartog (Les et al. 2002) is considered an important indicator of ecological health within many southern Australian intertidal ecosystems, supporting a variety of marine fauna and ecosystem functions. Monitoring programs have often evaluated the health of seagrass ecosystems by monitoring sets of structural, morphological and physiological variables in conjunction with traditional water quality variables (Campbell & Miller 2002 , Kendrick et al. 2002 , Balestri et al. 2003 ).
An important component of effective seagrass monitoring programs is to ensure that they are based on appropriate sampling designs that account for spatial variation within and between seagrass populations (Burdick & Kendrick 2001) . Seagrasses have the capacity to modify their form and function according to environmental conditions (Erftemeijer & Herman 1994) . Heterogeneity in the physical environment can thus influence structural growth and morphology of seagrasses across a range of spatial scales (Heck & Wetstone 1977 , Duarte & Sand-Jensen 1990 , Balestri et al. 2003 . In order to interpret the changing dynamics of seagrass distribution, data need to be collected over appropriate spatial scales (Virnstein 1995 , Nakaoka & Aioi 1999 , Peterson & Fourqurean 2001 . Many studies extrapolate data from randomly collected shoots between sites, or along depth gradients (Guidetti & Fabiano 2000 , Campbell & Miller 2002 , or have focused on the variation in seagrass variables within meadows (Alcoverro et al. 1995 , Marbà & Duarte 1998 . Few studies have examined the natural variation in the spatial patterns of structural and morphological variables within seagrass meadows at a fixed depth (Balestri et al. 2003) and across multiple sites. Although there are many rapid and reliable methods to evaluate the expansion and decline of seagrass meadows, little guidance exists on how to design and implement cost-effective seagrass monitoring programs (Balestri et al. 2003) .
Westernport is a large estuarine embayment located in southern Victoria and is subject to inputs of nutrients and suspended particulates from an agriculturally modified and urbanised catchment (Bulthuis 1983b) . The seagrass Zostera tasmanica forms dense, often monospecific meadows that extend over km-wide areas of Westernport from 0 to 10 m depth. During the 1970s a dramatic loss of seagrass biomass (~45 km 2 , ~85%) was reported in Westernport (Shapiro 1975 , Bulthuis 1983b , much of this occurring on the intertidal banks and attributed to increased sedimentation and loss of light. Annual sediment inputs from the north-eastern catchment (> 86 200 m  3 yr   -1 ) have been shown to be markedly higher than loads of sediments into other regions of the Bay (13 000 m 3 yr -1
) (Sargeant 1977 ) and chlorophyll a and suspended sediment concentrations have increased in the north-eastern regions of Westernport during the past 25 yr (Longmore 1997) . The consequent decline in light availability in the northeastern region of the bay has caused large variations in structural and morphological characteristics of Z. tasmanica (e.g. leaf weight shoot -1 ) across km-wide areas (Campbell & Miller 2002) . Changes in structural and morphological variables in surviving seagrass populations are likely to be photo-adaptive responses to poor habitat quality that promote resilience in seagrass populations. In addition to broad-scale environmental variation Z. tasmanica meadows are also exposed to smallscale environmental variation in depth, topography, substrate type, resource availability (light, nutrients) and biological and physical disturbances. Incorrect interpretation of small-scale variation may lead to an increase in Type II errors and undermine the utility of seagrass as an environmental indicator.
In this study we used a hierarchical sampling design to examine patterns of variability of intertidal Zostera tasmanica meadows in Westernport by exploring the variability of a number of commonly used structural and morphological variables over a range of scales from centimetres (between plants) to kilometres (between meadows). Regions were chosen to represent the gradient in water quality across the estuary where concentrations of suspended matter and chlorophyll a are highest in the northern region of the Bay, moderate in the central region and low in the southern region of Westernport (Campbell & Miller 2002) . Given these conditions, photon flux density (PFD) was greatest in the southern region, moderate in the central region and lowest in the northern regions of Westernport (Campbell et al. 2003) . This study was designed to investigate spatial heterogeneity of a range of functional characteristics of Z. tasmanica (morphological and structural) as environmental indicators of the abiotic processes operating across an estuarine embayment. By measuring the relationships between physico-chemical variables and the spatial variation in seagrass characteristics, we can improve our understanding of the threshold limits of seagrass survival (Abal & Dennison 1996 , Sfriso & Ghetti 1998 , Tomasko & Hall 1999 and explore the usefulness of using seagrasses as indicators of water quality over a range of spatial scales.
MATERIALS AND METHODS
Study site. Westernport is a large estuarine embayment (680 km 2 ) in south-eastern Australia, and comprises extensive intertidal mudflats, fringed by mangroves and saltmarshes (Fig. 1) . Deep natural channels (>20 m) form the North Arm and East Arm channels which act as the major tidal exchange channels. Sea surface temperatures range from ~10°C in winter tõ 22°C in summer, and annual salinities range from 32 to 38 PSU (EPA 1996) . Spatial variation in salinity between regions is minimal due to significant tidal flushing and the relatively low volume of freshwater inputs from surrounding catchments.
Large meadows of Zostera tasmanica occur on intertidal mud banks throughout Westernport. Three broad regions of Westernport were selected for this study: the Upper North Arm (UNA), the Lower North Arm (LNA) and the Southern Arm (SA) (Fig. 1) . These regions were selected because of their similarity in physical traits such as exposure to wave action, stability and height of mudflats, topographic uniformity and our knowledge of Z .tasmanica variation across them. Each region is exposed at low tide for approximately equal periods of time (2 to 3 h) per cycle with comparable tidal ranges.
Water column variables. Water column variables were recorded at the 3 regions each month from March 1998 to March 1999 (September 1998 data not available due to poor weather) using standard protocols (APHA 1995) . For suspended matter (mg l ) and inorganic nutrients (ammonium-N, nitrate-N and phosphate-P, µg l -1 ) water was filtered through Whatman GF/F filters and placed in a pre-rinsed, acidwashed 150 ml polyethylene WhirlPak™ and placed on ice. Chlorophyll a was determined by filtering in situ 1 l of water through Whatman GF/F filters, which were immediately placed in foil packets and cooled on ice. Chlorophyll was then extracted by acetone extraction according to methods of APHA (1998) and Parsons et al. (1989) . Suspended matter and nutrients were measured in water collected in pre-rinsed bottles in situ and stored on ice. In the laboratory total suspended solids were analysed using the gravimetric method (APHA 1995) . Nutrient samples were analysed in a segmented flow analyser (Technicon™ ) for N as NH 4 + and NO 3 + and P as PO 4 3 -(µg l -1 ) using standard protocols (APHA 1995). Salinity (PPS) was measured in situ using a salinity meter (Model 33, Yellow Springs).
Experimental design. In January 1999 we used a nested sampling design to examine the variation in seagrass characteristics across different spatial scales in Westernport, including small plots (0.25 m (Fig. 1) . Within each site, 10 plots (50 × 50 cm) were randomly sampled. For the structural variables shoot density and seagrass cover, plot was the lowest unit of replication. In addition, 10 vertical shoots were harvested from within each plot and transported at ambient temperature to the laboratory to measure shoot morphological variables.
Spatial variation in structural and morphological characteristics. For each seagrass shoot the number of leaves, vertical shoot length, leaf weight shoot -1 and total weight shoot -1 were measured according to the methods of Bulthuis (1982) . Internode length (IL) and number of nodes were also measured for each plant such as described in Marbà & Walker (1999) . Seagrass cover (%) estimates were determined by randomly placing a quadrat (50 × 50 cm with cross-hairs at 10 cm intervals) over the seagrass and counting the number of times seagrass occurred under cross-hair intersections. A core (0.025 m 2 ) was then harvested from within each plot in an area where shoots had not been harvested. For each core, shoot density (shoots m -2 ) was calculated and seagrass material dried overnight at 70°C in order to calculate leaf, stem and total (stem + leaf) biomass (g dry wt m -2 ). Data analysis. Water quality data was pooled over all months for analysis (n = 11 to 12) and an analysis of variance (ANOVA) used to test for significant effect of regions.
We used a 2-way nested ANOVA to examine the effects of region (fixed) and site (random) on shoot density (shoots m ) and seagrass cover (%). Cover estimates were arcsinesquare-root-transformed before analysis. A 3-way nested ANOVA was used to examine the effects of region (fixed), site (random) and plot (random) on morphological variables (number of leaves, vertical shoot length, leaf weight shoot -1 , total weight shoot -1 , number of nodes, and IL). Variance components for both analyses were partitioned and expressed as the proportion of variation explained by each factor based on Eq. (1). Significance amongst groups was examined using a posteriori Bonferroni tests (p < 0.05).
(1)
RESULTS

Water quality variables
Suspended matter (mg l -1 ) and chlorophyll a (µg l -1 ) varied significantly between regions with higher concentrations of both variables at UNA than LNA and SA (Table 1) . Significantly higher ammonium-N (µg l ) and lower salinity (PPS) were found at UNA compared with the SA (Table 1) . No difference in nitrate-N (µg l -1 ) was found between regions.
Seagrass morphological variables
Values for measures of shoot morphological variables (no. leaves, shoot length, leaf weight and total shoot weight) averaged across sites within regions were 1.5 to 13 times greater at SA compared to LNA and UNA ( Fig. 2A-D) with the greatest difference observed in shoot length. At UNA, average shoot length (± standard error) was 21.9 mm (± 13), while at LNA and SA lengths were 72.0 mm (± 26) and 293.6 mm (± 27), respectively. Plants in the SA had approximately double the number of leaves (8.15 ± 0.8) than plants from LNA (4.7 ± 0.5) and UNA (3.9 ± 0.8). This pattern was also evident for nodal variables (Fig. 2E,F ). Plants within SA had an average of 15.9 (± 0.343) nodes while those in LNA had 7.8 (± 0.289) with 2.8 (± 0.148) in UNA. Vertical IL ranged from 7 to 22 mm (Fig. 2E) and showed significant regional differences as with other variables. Mean IL recorded at SA was 18.2 mm (± 0.202), 7.8 mm (± 0.360) at LNA and 2.8 mm (± 0.258) in UNA. At the regional scale all morphological variables demonstrated declining seagrass condition in a northerly direction from SA to UNA. Plants in the southern region are clearly in better condition: they have more abundant leaves that are longer, longer shoots, more growth nodes and longer IL, and have greater leaf and total plant weights.
Seagrass structural variables
The pattern of declining seagrass condition from south to north was also reflected in aspects of plant structure. Shoot density was found to be highest at SA (1650 ± 244 shoots m -2 ), intermediate at LNA (1108 ± 436 shoots m -2 ), and low at UNA (601 ± 129 shoots m -2 ) (Fig. 3A) . As would be expected, seagrass cover was lowest at UNA (40.3 ± 7.3%), intermediate at LNA (92 ± 5.6%) and high at SA (99.8 ± 0.15%) (Fig. 3B ). Leaf and total biomass (g dry wt m -2 ) also showed a similar pattern with low leaf and total biomass at UNA and high leaf and total biomass at SA (Fig. 3C,D) .
Spatial scale effects
Figs. 2 & 3 demonstrate the strong influence region has on seagrass morphology and meadow structure. Also notable from these figures, however, is smaller-scale heterogeneity between and within sites. Significant effects of region, site and plots were found, or all morphological variables with significant effects of region and site on structural variables. Partitioning of the variation showed that areas separated by > 20 km contributed the greatest percentage of variation for leaf weight (44.4%), total shoot weight (51.8%), shoot length (70.4%), number of nodes (57.5%), IL (59.1%) ( Table 2 ) and seagrass cover (69.1%) ( Table 3) . Variation attributable to sites was ≤ 21.9% for all morphological and structural variables (Tables 2 & 3) . Variation attributable to plots was generally ≤17% for morphological variables (Table 2) . For all morphological variables except numbers of leaves shoot -1 , the percentage of unexplained variation (variation between plants) was less than regional variation but greater than site and plot variation (Table 2) . In contrast, all structural variables (except seagrass cover) had greater unexplained variation (variation between plots) than site and regional variation (Table 3) .
Variation across sites within each region generally showed a consistent pattern with 1 site standing out from the other 3 by having inconsistent results for most, but not all, variables. Of the 4 sites in SA, plants at Site 1 (SA 1) had the greatest number of leaves and leaf weight, whilst SA 3 had the greatest number of nodes, IL and shoot length (Fig. 2) . Within LNA, LNA 4 had substantially fewer nodes than the other sites, low IL and low shoot length and leaf and total shoot weight (Fig. 2) . UNA 4 was also considered an outlier, with plants and meadows at this site appearing to be morphologically and structurally more similar to LNA. Plants at UNA 4 had significantly more leaves, greater leaf and total shoot weights, shoot length, IL, and more nodes compared with other sites in UNA (Fig. 2) . It is likely that these 'outlying' sites contributed most to the significant differences found between sites (Tables 2 & 3) .
Of the structural variables examined, shoot density was found to be highly variable across sites 50 and plots (Fig. 3A, Table 3 ). Seagrass cover was very uniform across SA sites and plots, but was found to be patchily distributed across LNA and UNA sites and plots (Fig. 3B) . Unexplained variation between plots for seagrass cover accounted for <10.4% of the variation (Table 3) . Leaf and total plant biomass also showed significant variation across sites and plots (Fig. 3C,D , Table 3 ).
DISCUSSION
This study is an important investigation because it tests the utility of a comprehensive range of morphological and structural 'indicators' across multiple spatial scales in an estuarine embayment. This study provides evidence that significant differences in morphological and structural characteristics of Zostera tasmanica occur at a range of spatial scales from cm to 10s of km. Plants from northern regions of Westernport were characterised by low leaf numbers, low shoot weights, low shoot densities and very few internodes, suggesting that these are young plants with high turnover. In contrast, plants from the mid to southern regions were found to have more and longer leaves, more nodes and longer internode lengths as well as having higher shoot densities and 2 to 4 times greater seagrass cover. Loss of seagrass condition and thinning meadow structure is a common response to chronic light stress in subtidal seagrass meadows (Dennison & Alberte 1985 , Cambridge et al. 1986 , Abal & Dennison 1996 . Our results provide evidence that the growth and structure of intertidal seagrass can also display responses characteristic of chronic light stress despite being exposed to light for up to 4 h per day. Under such conditions the reduction in shoot density can lead to a reduction of self shading and therefore enhance light harvesting efficiencies of the remaining plants (Hemminga & Duarte 2000) .
The high variability in shoot morphology and structural traits between populations of Zostera tasmanica at the regional scale (> 20 km) suggests that factors influencing seagrass shoot growth and form in Westernport are influenced by processes operating at the estuary-wide scale (Campbell & Miller 2002) . Elevated sediment and nutrient enrichment of northern Westernport waters leading to low photon fluxes have been identified as major causes of reduced seagrass shoot densities and seagrass die-off in this and other ecosystems (Bulthuis 1983a , Durako 1994 , Campbell & Miller 2002 . The pattern of high shoot weight in areas characterised by high light availability (i.e. low suspended matter) is consistent with other studies (Short & Wyllie-Escheverria 1996 ) and suggests that photon flux is one of the primary factors responsible for intertidal seagrass meadow structure in this embayment. Inter-regional differences in photosynthetic performance of Z. tasmanica (Campbell et al. 2003) may, in part, explain the high variation in morphological and structural traits observed between regions. In our study a relatively minor change in salinity (32 to 35 PSU) across the regions was evident and may have some influence on Z. tasmanica, but is unlikely to explain the significant regional differences in morphology and structure. Long-term monitoring of salinity over the last 10 yr in the 3 regions in Westernport has shown no temporal or spatial trends (Longmore 1997) to indicate reduced seagrass biomass and condition is caused by salinity change.
This study suggests that for most variables, the most important scales of spatial variation for Zostera tasmanica shoot morphology and structure occurred at large (inter-region, > 20 km) and small (inter-plot, <10 m) spatial scales. Variables that best reflected the environmental gradient were shoot length, number of internodes, internode length, total shoot weight, cover and total biomass. At small scales seagrasses may form variable patches (Heck & Wetstone 1977 ) because of heterogeneity in local habitat conditions such as physical disturbance, sediment type, topographic complexity (Balestri et al. 2003 ) and because of inter-annual variability in recruitment, growth and coalescence of plants (Duarte & SandJensen 1990) . Heterogeneity within patches of seagrass is common and has been found with other species, such as Posidonia oceania (Balestri et al. 2003) and Halophila ovalis (Nakaoka & Aioi 1999) . Withinpatch (i.e. site) variation may result from groups of seagrass shoots or individual shoots of several age cohorts (Durako 1994) . This study demonstrates that significant within-site variation can occur but is generally low compared to regional and unexplained variation. The high unexplained variation for some traits (leaf number shoot -1 , leaf weight shoot -1 , shoot density m -2 ) reflects high variability at small spatial scales (<1 m to 10 m), and suggests that greater sampling effort would be required if these variables were to be used in ongoing site-scale assessments. Unexplained variation was particularly low for shoot length (16% total variation) and seagrass cover (10.4% total variation) suggesting that these variables may be particularly useful for long-term monitoring studies, as reduced sampling effort would be required to meet adequate levels of precision to detect temporal trends.
The higher numbers of internodes and greater nodal lengths at SA and LNA relative to UNA suggest an abundance of older living shoots and relatively low mortality in these regions. The shorter nodal length and fewer internodes of UNA populations indicate these are comprised of relatively young plants with possibly low growth rates. These plants are likely to survive the negative effects of low light availability by investing energy into small shoots forming sparse meadows but having relatively rapid shoot turnover to maintain carbon balance. Below ground carbohydrate reserves are likely to be lower in these plants compared to the structurally more robust plants in southern populations and, therefore, energy reserves may largely be available for growth at the expense of reproductive effort. Such strategies would benefit populations of Zostera tasmanica that are chronically stressed due to poor water quality, allowing rapid colonisation and partially offsetting high shoot mortality rates. High turnover of Z. tasmanica has been reported in Western Australia (vertical stem turnover 5.8 times yr -1 ) (Marbà & Walker 1999) where rapidly expanding monospecific fronts form morphologically heterogeneous patches (Vermaat et al. 1996 , Marbà & Walker 1999 . Other fast-growing seagrass species have been found to form heterogeneous patches due to the distribution and abundance of seeds within the substrate (Inglis 2000) . Similar strategies employed by Z. tasmanica in Westernport may contribute to small-scale patchiness observed in this study. Z. tasmanica is a short-lived and rapidly growing species, where rhizome chains last 1 to 2 yr and populations have low rates of turnover (Duarte et al. 1994) . Z. tasmanica has been found to require fewer resources to produce their modules than many longer-lived seagrass species (Vermaat et al. 1996 , Marbà & Walker 1999 . They are therefore well equipped to rapidly colonise new areas through rhizome expansion or to meander through gaps in existing beds. Such a strategy may partially offset the reductions in structural biomass and condition that occur in response to poor water quality and promote resilience and survival in populations under limiting conditions such as those in the north of Westernport.
The findings of this study demonstrate the importance of replication across multiple spatial scales when elucidating the status of Zostera tasmanica meadows across large areas or embayments. The observed differences between meadows at the largest spatial scale (> 20 km) are likely to reflect real spatial differences. These patterns are also likely to persist over inter-annual cycles as a concurrent study demonstrated consistent differences in population structure and shoot morphology between regions throughout an annual cycle in Westernport (Campbell & Miller 2002) . In this study, while sites (2 km apart) were found to be significantly different, this variation generally accounted for <10% of the total variation (stem weight and shoot density being exceptions), and is likely to be driven by single anomalous sites within regions. In a hypothetical situation, if these sites were randomly sampled and data extrapolated to represent regions, then different interpretations of spatial patterns operating at the regional scale could emerge. Thus, the scale at which variables are sampled can obviously have significant ramifications on the interpretation of environmental trends.
Similarly, the selection of variables to measure can have a significant influence on the interpretation of natural or human-induced change. Those variables that exhibited large variation across the 3 regions studied (i.e. shoot length, number of internodes, internode length and total shoot weight and seagrass cover) are potential indicators of processes that influence change in seagrass landscapes at the ecosystem-wide scale generally of interest to coastal management agencies. Seagrass characteristics that show high unexplained variation are more likely to be influenced by processes or habitat traits acting at small scales such as physical disturbance, sediment type, topographic complexity, and nutrient availability. If these variables are used in broad-scale ecosystem studies, trends will be more difficult to elucidate and are likely to be confounded by such heterogeneity unless appropriate sampling effort is undertaken. When using seagrass morphological and structural characteristics as indicators of water quality, we recommend hierarchical sampling designs incorporating a number of spatial scales that allow optimisation of sampling effort across those spatial scales. Such an approach would allow efficient and cost-effective surveying of seagrass meadows which is currently required to strengthen management decisions based on seagrass status and trends.
